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Alternative  approach  to cohesive  elements  is proposed:  cohesive-zone  contact.
Applicability  to measured  and  simulated  grain  structures  is  demonstrated.
Normal  and  normal/shear  separation  as  a damage  initialization  is explored.
Normal/shear  damage  initialization  signiﬁcantly  reduces  ductility.
Little  difference  in  Voronoi  aggregate  size  on macroscopic  response.
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a  b  s  t  r  a  c  t
Understanding  and  controlling  early  damage  initiation  and  evolution  are  amongst  the  most  important
challenges  in  nuclear  power  plants,  occurring  in ferritic,  austenitic  steels  and  nickel  based  alloys.  In this
work  a meso-scale  approach  to modeling  initiation  and  evolution  of early  intergranular  cracking  is  pre-
sented.  This  damage  mechanism  is  present  in a number  of  nuclear  power  plant  components  and  depends
on  the  material  (e.g.  composition,  heat  treatment,  microstructure),  environment  and  load.  Finite  element
modeling  is used  to  explicitly  model  the microstructure  – both  the  grains  and  the  grain  boundaries.  Spa-
tial  Voronoi  tessellation  is  used  to obtain  the  grain  topology.  In  addition,  measured  topology  of a  0.4  mm
stainless  steel  wire  is  used.  Anisotropic  elasticity  and  crystal  plasticity  are  used  as  constitutive  laws  for
the  grains.  Grain  boundaries  are  modeled  using  the  cohesive  zone  approach.  Different  modeling  assump-
tions/parameters  are  evaluated  against  the  numerical  stability  criteria.  The  biggest  positive  contribution
to  numerical  stability  is  the  use of cohesive-type  contact  instead  of cohesive  elements.  A small  amount  of
viscous  regularization  should  be  also  used  along  with  the  addition  of a small  amount  of  viscous  forces  to
the  global  equilibrium  equations.  Two  cases  of grain  boundary  damage  initiation  are  explored:  (1) initia-
tion due  to  normal  separation  and  (2)  initiation  due  to a combination  of  normal  and  shear  separation.  The
second  criterion  signiﬁcantly  decreases  the ductility  of  an  aggregate  and  slightly  improves  the  numerical
stability.
ublis©  2014  The  Authors.  P
. Introduction
Understanding and controlling intergranular stress corrosion
racking (IGSCC), its early initiation and evolution are amongst
he most important challenges in nuclear power plants, espe-
ially in light of 60+ years operational life-times. IGSCC in nuclear
ower plants was detected in ferritic, austenitic steels and nickel
ased alloys (Ford, 2010). Understanding the early initiation is of
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E-mail addresses: Igor.Simonovski@ec.europa.eu (I. Simonovski),
eon.Cizelj@ijs.si (L. Cizelj).
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029-5493/© 2014 The Authors. Published by Elsevier B.V. This is an open access article unhed  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
particular importance as the damage on the microstructural level
is already high once the ﬁrst damage is detected by known non-
destructive inspection techniques. This is why grain-level models
of this phenomenon are being developed (Benedetti and Aliabadi,
2013; Héripré et al., 2007), initially as a separate mechanical or
chemical (oxidation) models. First coupled models are also being
developed (Couvant et al., 2013; Aoyagi and Kaji, 2012).
In polycrystalline aggregates the cohesive zone approach
(Dugdale, 1960; Barenblatt, 1962) enables us to explicitly account
for grain boundaries and model intergranular crack initiation and
evolution (Kamaya et al., 2007; Kamaya and Itakura, 2009) within
a ﬁnite element framework. This is of particular interest for under-
standing early intergranular stress corrosion crack propagation.
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Table  1
FE models.
Wire Voronoi Voronoi
Number of grains 377 150 500
Number of grain boundaries 2183 805 3131
Size D = 0.373 mm 1 × 1 ×1 mm 1 × 1 ×1 mm
L  = 0.374 mm
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fNumber of FEs for meshing grains 796,105 554,260 6,359,526
Average cohesive element size 7.2 m 23 m 9.5 m
owever, convergence issues often accompany such simulations
Gao and Bower, 2004). These are caused by the elastic snap-back
nstability that occurs at the onset of damage in a cohesive ele-
ent. In an implicit formulation, the radius of convergence of
he Newton–Raphson scheme reduces to zero, leading to non-
onvergence. In an explicit formulation the solution diverges,
eading to nonphysical predictions (Gao and Bower, 2004). The
ime-step must be small enough to ensure that the change in
isplacement remains within the radius of convergence of the
ewton–Raphson method (Gao and Bower, 2004). In addition, very
ne ﬁnite element mesh needs to be used, not least to capture
he steep gradients in the process zone. The steepest gradients
re often located at the triple lines (junctions) between the neigh-
oring grains, especially when the intergranular crack has reached
hose lines. The cohesive elements should be smaller than the pro-
ess zone (Molinari et al., 2007). Several expressions are available
o estimate the process zone size, ˛, from the fracture tough-
ess KI and the maximal traction t0n : e.g.  ˛ = (/8)(KI/t0n)
2
and
 = (9/32)(KIt0n)
2
for a constant failure stress (Schapery, 1975)
nd for linear variation of the failure stress within the cohe-
ive zone (Palmer and Rice, 1973), respectively. However, these
xpressions can lead to prohibitive model sizes. For coarser dis-
retization, methods with improved convergence need to be used,
.g. saw-tooth method (Rots and Invernizzi, 2004, 2005; Slobbe
t al., 2012), self-adapting cohesive zone model (Samimi et al.,
009). The latter approach uses a bi-linear enrichment function
hat smoothens the global response, enabling the application of the
tandard Newton–Raphson approach with a coarse discretization.
An alternative to the above methods is explored in this paper,
amely the cohesive-zone type contact, as implemented within
he general contact algorithmic framework (Systemes, 2013). The
nite element model is presented ﬁrst with the cohesive zone
onstitutive response. Next, the cohesive-zone type contact is com-
ared to the cohesive elements. The established cohesive-zone
ontact setup is then used to demonstrate the applicability to model
ntergranular cracking on several polycrystalline aggregates. The
onclusions are presented at the end.
. The ﬁnite element model
Two types of polycrystalline aggregates are employed to sim-
late the intergranular cracking: (1) measured grain structure of
 0.4 mm stainless steel wire (King et al., 2008) and (2) simulated
rain structure using 3D Voronoi tessellation with Wigner–Seitz
ells (Petricˇ, 2010), Fig. 1. The wire model is used for comparing
he cohesive elements to cohesive-type contact implementation. It
ontains 377 grains. The two Voronoi models contain 150 and 500
rains, respectively. Finite element (FE) models are created for all
hree cases with a conformal mesh between the grains (Simonovski
nd Cizelj, 2011). Linear 4-node tetrahedron elements (ABAQUS
ypes C3D4) are used for meshing grains. Grain boundaries are
odeled using either cohesive elements or cohesive-type contact.
asic properties of the models are given in Table 1. Average cohe-
ive element sizes at the grain boundaries are 7.2, 23 and 9.5m
or the wire, the 150 and 500 grain Voronoi models, respectively.ng and Design 283 (2015) 139–147
2.1. Loads and boundary conditions
A displacement load of 0.035 mm in the tensile direction is
imposed to the front surface (max(Z)), see Fig. 1. This results in
a signiﬁcant speciﬁc deformation in Z direction (z = 0.035, assum-
ing no grain boundary damage) and ensures grain boundary crack
initiation and propagation. In combination with the material prop-
erties (given in Section 2.2) this results in a maximum macroscopic
stress slightly below 205 MPa  = 0.2% offset yield stress of selected
AISI 304 steel (United Performance Metals, 2010).
The displacement load is used to obtain ﬁnite end deformations.
A loading step time of 17,400 s is used to slowly apply the full ten-
sile load displacements, resulting in a strain rate of ˙ = 2 · 10−6 s−1.
Nodes on the back surface (min(Z)) are constrained in all three
directions to prevent rigid body movement. Constraining the back
surface in only Z direction would lead to movement of the model in
either X or Y direction due to the anisotropic response of the individ-
ual grains. This movement could be prevented by ﬁxing the X and Y
displacements of two separate nodes on the back surface. However,
the elements connected to those two  nodes would then exhibit
very high deformations. That is why nodes on the back surface are
constrained in all three directions.
2.2. Material parameters: grains
The material is assumed to be similar to AISI 304 stainless
steel which is known to be susceptible to stress corrosion crack-
ing. Anisotropic elasticity and crystal plasticity (Huang, 1991)
are used. Elastic constants of a single crystal AISI 304 stainless
steel are (Ledbetter, 1984): Ciiii=204,600 MPa, Ciijj=137,700 MPa  and
Cijij=126,200 MPa. The crystal plasticity parameters were initially
taken from the literature (Simonovski et al., 2005) where they
were obtained by ﬁtting the computed macroscopic response of
a polycrystal aggregate to a measured tensile test of a polycrystal
sample. However, Pierce et al. hardening law in Simonovski et al.
(2005) was  replaced by Bassani et al. hardening law (Huang, 1991)
to improve the stability. The expressions for the evolution of Bas-
sani slip-hardening moduli are given by Eqs. (1)–(3). h0 stands for
the initial hardening modulus, 0 the yield stress and s for a ref-
erence stress where large plastic ﬂow initiates (Huang, 1991). hs
is hardening modulus during easy glide within stage I hardening
and q is a hardening factor. The function G is associated with cross
hardening where 0 is the amount of slip after which the interac-
tion between slip systems reaches the peak strength. f˛ˇ represents
the magnitude of the strength of a particular slip interaction. The
superscripts (˛), (ˇ) denote the slip system(s). The following val-
ues of parameters were used: h0 = 75 MPa, s =75 MPa, 0 = 150 MPa,
hs = 30 MPa, q = 1.0. Crystal plasticity was  implemented as a user-
subroutine (Huang, 1991) into the ﬁnite element code ABAQUS and
includes versions for small deformation theory and rigorous theory
of ﬁnite-strain and ﬁnite-rotation. The latter is used in this work.
h˛˛ =
{
(h0 − hs)sech2
[
(h0 − hs) (˛)
s − 0
]
+ hs
}
G( (ˇ);  ˇ /= ˛) (1)
h˛ˇ = qh˛˛, (  ˛ /= ˇ), (2)
G( (ˇ);  ˇ /= ˛) = 1 +
∑
 ˇ /= ˛
f˛ˇ tanh
(
 (ˇ)
0
)
(3)
Measured grain crystallographic orientations are used for the
wire model (King et al., 2008). The wire experiment contains two
sets of data: (1) a wire with 377 grains and texture 1 and (2) a wire
with 1334 grains and texture 2. Only the wire with 377 grains is
used in this work. The two Voronoi models use two sets of crys-
tallographic orientations each. In the ﬁrst set a 150-grain subset of
the measured texture 1 is used for Voronoi with 150 grains while a
I. Simonovski, L. Cizelj / Nuclear Engineering and Design 283 (2015) 139–147 141
Fig. 1. Wire (top), Voronoi 150 (center) and 500 (bottom) grain models with boundary conditions and ﬁnite element mesh. Colors indicate different grains and grain
boundaries. Left: grains. Right: grain boundaries. FE mesh and boundary conditions for Voronoi 500 grains are the same as for Voronoi 150 grains but are not displayed since
they  are too dense. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 2. Applied textures for the wire and Voronoi models. The color scale indicates
the number of the grains having equal crystallographic orientation. (For interpreta-
tion of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)42 I. Simonovski, L. Cizelj / Nuclear Eng
00-grain subset of the measured texture 2 is used for Voronoi with
00 grains. In the second set crystallographic orientations are ran-
omly distributed (Wolfram MathWorld, 2014). The textures are
isualized in Fig. 2.
.3. Material parameters: grain boundaries
In this work a simpliﬁcation of grain boundary modeling is
pplied with all the grain boundaries having the same material
roperties. The cohesive zone approach (Dugdale, 1960; Barenblatt,
962) with damage initiation and evolution as implemented in
BAQUS (Systemes, 2013) is used as a constitutive law for the grain
oundaries. The tractions of a cohesive element/surface, tn, ts and tt
re given by Eq. (4). The indices n, s and t denote the normal and two
rthogonal shear directions. The normal direction always points out
f the plane of the cohesive element/surface. Knn, Kss, Ktt and n, s,
t are the stiffnesses and nominal strains in the normal and two
hear directions. D(ı) is a scalar damage variable, representing the
verall damage in a cohesive element. For a linear damage evolu-
ion D(ı) is deﬁned by Eq. (5) where the effective displacement ım
s deﬁned in accordance with (Camanho and Davila, 2002). ın, ıs, ıt
tand for the separations in the normal and two shear directions.
he symbol 〈〉 represents the Macaulay bracket, indicating that a
ompressive deformation does not initiate damage.
tn
ts
tt
⎫⎪⎬
⎪⎭ =
⎡
⎢⎣
Knn[1 − D(ı)] 0 0
0 Kss[1 − D(ı)] 0
0 0 Ktt[1 − D(ı)]
⎤
⎥⎦
⎧⎪⎨
⎪⎩
n
s
t
⎫⎪⎬
⎪⎭
(4)
(ı) =
⎧⎪⎪⎨
⎪⎪⎩
0 ; ım < ı0m
ıfm
(
ım − ı0m
)
ım
(
ıfm − ı0m
) ; ım≥ı0m
⎫⎪⎪⎬
⎪⎪⎭
, ım =
√
〈ın〉2 + ı2s + ı2t
(5)
Damage initialization point ı0m is deﬁned by the selected damage
nitialization criterion. In our case we start with an assumption that
n the wire a major relative sliding of grains is prevented by their
hape. In such a case the damage is initialized only by excessive nor-
al  displacements. Maximal nominal strain damage initialization
riterion (MAXE), Eq. (6), is used with 0s and 
0
t set to 1000× higher
alues compared to the 0n. This effectively results in ı
0
m = ı0n while
he damage initialization criterion is reduced to max〈n〉/0n = 1.
his would result in anisotropic response in the cohesive element as
he shear cannot initialize the damage. The corresponding response
f a cohesive element would be as depicted in Fig. 3, top part. A
eparate case is considered where also shear can initiate damage.
n this case 0n = 0s = 0t .
AXE damage init. criterion: max
{
〈n〉
0n
,
s
0s
,
t
0t
}
= 1 (6)
The above damage initialization criterion treats the displace-
ents in the three directions as independent. Alternatively, we
an couple the displacements to obtain a quadratic nominal strain
nteraction damage initialization criterion (QUADE), Eq. (7).
( )2 ( )2 ( )2
UADE damage init. criterion:
〈n〉
0n
+ s
0s
+ t
0t
= 1
(7)
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Table 2
Cohesive element properties.
Parameter Unit Used in
Simonovski and Cizelj
(2013)
This work
T0 [mm] 1.0 × 10−3 1.0
Knn [MPa] 204,600 204, 600 × 103
Kss = Ktt [MPa] 78,692.3 78, 692.3 × 103
0n [–] 1.0 × 10−3 1.0 × 10−6
t0n = 0n · Knn [MPa] 204.6 204.6
ı0n = ı0s = ı0t [mm] 1.0 × 10−6 1.0 × 10−6
ıpln [mm] 1.955 × 10−5 1.955 × 10−5
ıfn = ı0n + ıpln [mm] 2.055 × 10−5 2.055 × 10−5
E0n [mJ/mm
2] 1.023 × 10−4 1.023 × 10−4
Epln [mJ/mm
2] 2.0 × 10−3 2.0 × 10−3
Ecoh = E0 + Epl [mJ/mm2] 2.1023 × 10−3 2.1023 × 10−3
3. Resultsig. 3. Example of traction-separation response, after Camanho and Davila (2002)
nd Systemes (2013).
The effective traction teff at the damage initialization point ı0m
s given by Eq. (8) (Systemes, 2013). The total separation at the
omplete failure is computed from the total fracture energy Ecoh,
q. (9), where the total fracture energy is computed using the
enzeggagh–Kenane approach (Benzeggagh and Kenane, 1996), Eq.
10).  is a material parameter. A value of 1.0 is used in this work.
he corresponding traction-separation response is given in Fig. 3,
ottom part.
eff =
tnın +
√
t2s + t2t
√
ı2s + ı2t√
ı2n + ı2s + ı2t
= tnın + tshearıshear
ım
(8)
f
m =
2Ecoh
teff
(9)
coh = Ecohn + (Ecohs − Ecohn )
(
Ecohs + Ecoht
Ecohn + Ecohs + Ecoht
)
(10)
.3.1. Convergence issues
In cohesive elements an elastic snap-back instability occurs
t the onset of damage, reducing the radius of convergence of
he Newton–Raphson scheme to zero which leads to convergence
ssues (Gao and Bower, 2004). Gao and Bower (2004) demonstrated
hat the condition for unstable interface separation is that the elas-
ic strain energy released during debonding exceeds half the work
f separation of the interface. A possible resolution would be to
pply the Riks method which enables the remote boundaries to
o negative work on the solid. Gao and Bower (2004) suggested
n alternative approach: regularizing the unstable behavior by
ntroducing a small viscosity in the cohesive zone law. This should
void completely the convergence difﬁculties. The used time-stepn n n
 [s] 0.01 18.75
should be approximately equal to the time-constant for the stress
relaxation after decohesion.
Following Gao and Bower (2004) a small amount of viscous reg-
ularization of the traction-separation law is applied, permitting
stresses to be outside the limits set by the traction-separation law.
Viscous stiffness degradation, D, is then used instead of D. The
two are related through Eq. (11) where  stands for the viscosity
parameter representing the relaxation time of the viscous system
and D stands for the degradation variable evaluated in the invis-
cid backbone model, Eq. (5) (Systemes, 2013). For a quasi-static
problem the results should converge to a value independent on the
 (Gao and Bower, 2004). In this work the viscosity parameter 
is set to 5% of the step time or less which should result only in
a small increase in the cohesive energy and small impact on the
ﬁnal results (Simonovski and Cizelj, 2013). With the  set to above
10% signiﬁcant impact on the results was  observed, one of the rea-
sons being the larger cohesive energy under the traction-separation
law (Simonovski and Cizelj, 2013). The relative small amount of
the viscous regularization is not expected to affect the viscoplastic
crystal plasticity response since the time scale of load application
(17,500 s) is several orders of magnitude higher than  (18.7 s).
D˙ = 1 (D − D) (11)
In the case of complex spatial structures like the wire model
it is (a) difﬁcult to a-priori assess the stress-relaxation time for
all the different grain boundaries and (b) sometimes difﬁcult to
achieve convergence even with extremely small time-increments
(e.g. <10−6s). Furthermore, the Riks approach has been tried but has
not improved the convergence. An alternative approach of using
cohesive-type contact with viscous regularization is therefore pro-
posed here for the complex spatial structures.
Cohesive element properties are taken from (Simonovski and
Cizelj, 2013) with the distinction that the initial numerical thick-
ness of the grain boundary, T0 is taken as 1.0 mm in this work. This
improved the convergence. In Simonovski and Cizelj (2013) T0 was
taken as 10−3mm.  Certain cohesive element properties then need
to be scaled by a factor of 103 to make the parameters equivalent.
Table 2 lists the cohesive properties used in Simonovski and Cizelj
(2013) (third column) and the ones in this work (fourth column).The ﬁrst two  parts of this section compare various effects on the
convergence. The wire model with 377 grain and cohesive elements
is used exclusively in these two parts.
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Table  3
Achieved loads with viscous regularization, force and large displacement effects.
Cohesive elements. Shear damage initialization added.
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Table 4
Achieved loads with included viscous regularization, force and large displacement
effects. Cohesive-zone contact. Shear damage initialization added.
Achieved load level [%] Contact
Formulation Type
0.0 Finite sliding Node to surface
100  Small sliding Node to surface
ture is applied to the Voronoi models. One can observe a signiﬁcantBasic +Visc.reg. ++Visc.forces. +++LDE
Achieved load level [%] 0.8 1.3 1.8 1.8
.1. Viscous regularization, forces and large displacement effects
The wire models where both normal and shear separations
an initiate damage are used in this section. The convergence of
 basic model, without any viscous regularization, forces or large
isplacement effects (LDE), performed very poorly. The simulation
topped at the 0.8% of the external load, Table 3. It was  estab-
ished that to improve the numerical stability one needs to apply
 small amount of viscous regularization . A 5% value of the load
tep time has been used in this work, see Table 2. In Table 3 this
odel is labeled as +Visc.reg. If in addition, a small amount of vis-
ous forces to the global equilibrium equations is added (ABAQUS
*static, stabilize=0.002” option (Systemes, 2013)), further conver-
ence improvement is obtained (model labeled as ++Visc.forces.).
or a given iteration the residual, R, is then decreased by the vis-
ous force term Fv: R = P − I − Fv = P − I − cMv  where P stands for
he external, I for the internal forces, c for the damping factor, M
or the artiﬁcial mass matrix calculated with unit density and v for
he vector of nodal velocities (Systemes, 2013). When the damage
t the grain boundary develops, the local region becomes unstable
nd the local velocities increase. Consequently, part of the released
train energy is dissipated by the applied damping which helps with
he convergence. While a region is stable, viscous forces and the vis-
ous energy dissipated are very small. Thus, the additional artiﬁcial
amping has almost no effect. Accounting for large displacement
ffects on top of the ﬁrst two options (model labeled as +++LDE) has
o signiﬁcant effect on the convergence, see last column in Table 3.
The use of cohesive elements resulted in poor numerical
onvergence-once damage on the grain boundaries was initialized.
ne reason for this might be that the damage in an element can
esult in a sequence of snap-backs in the global structural response
or which a standard Newton–Raphson iterative scheme fails to
onverge (Gao and Bower, 2004). Also, cohesive elements have been
rimarily developed for modeling interfaces between geometri-
ally simple components. In our case, grain boundary surfaces are
eometrically very complex and this can result in errors in traction
alculations (Shawish and Cizelj, 2013). In addition, the employed
ohesive elements (Systemes, 2013) do not account for LDE which
ight have a negative impact to convergence in our LDE simula-
ions. However, even when we completely switched off the LDE
n our model deﬁnitions, the resulting simulations exhibited poor
onvergence. In highly non-linear analyses the number of allowed
onvergence iterations can be increased to improve convergence.
owever, this did not have a signiﬁcant effect.
.2. Cohesive elements versus cohesive-zone type contact
A cohesive-zone type contact can be used instead of cohesive
lements. Such a contact is a surface-based cohesive behavior in
 mechanical contact analysis with direct constraint enforcement
ethod. It is implemented within the general contact algorithmic
ramework (Systemes, 2013) and is typically easier to deﬁne. No
peciﬁc cohesive elements are used in this case.
Table 4 lists the achieved loads. Although the ﬁnite sliding
ormulation allows for arbitrary relative separation, sliding, and
otation of the contacting surfaces, convergence was  very poor
n this case. Furthermore, the convergence was equally poor
hen surface-to-surface contact formulation was used even if this
hould provide more accurate stress and pressure results than0.0  Small sliding Surface to surface
node-to-surface discretization (Systemes, 2013). With small sliding
contact formulation and node to surface contact type convergence
was signiﬁcantly improved and the full load was  achieved. Similar
results were obtained with no shear damage initiation criterion.
3.3. Comparison with Voronoi models
Voronoi models of microstructure are much more readily avail-
able than the ones of measured microstructure. In this section we
demonstrate the applicability of the proposed cohesive-zone type
approach to Voronoi models and compare the results to the wire
model.
Fig. 4 displays the developed intergranular cracks at the end
of simulations for cases where only a normal separation initial-
izes damage (left-hand side) and when normal or shear separation
initializes damage (right-hand side). Textures are applied in all
the cases, see Fig. 2. Shear separation signiﬁcantly contributes to
damage initialization. This results in a different topology of inter-
granular cracks compared to the case where only normal separation
initializes damage. Also, normal separation only damage initial-
ization results in increased number of convergence iterations and
decreased numerical stability.
The developed intergranular cracks form macro-cracks that
approximately follow the direction of maximal shear stresses (≈
at an angle of 45o to the loading axis). This is in agreement with
the expectations. In general, using normal separation only damage
initialization increases the number of failed grain boundaries, ori-
ented perpendicular to the loading axis. Also, a signiﬁcant effect on
the macroscopic response of an aggregate can be observed.
Fig. 5 displays the macroscopic responses. One can observe that
damage is initialized much sooner, if shear separation is also used
as a damage initialization criterion. This was  a bit unexpected as
we thought that the grain shapes themselves would be reducing
the relative sliding and therefore shear separations at the grain
boundaries. However, this seems not to be the case. Including
the shear damage initialization results in a faster damage evo-
lution and a signiﬁcant decrease in the aggregate ductility. For
comparison purposed the macroscopic responses with the coupled
damage initialization criterion (Eq. (7)) are also shown for the two
smaller models. One can see that the damage is initiated earlier
– a direct consequence of the linked nominal strains in the dam-
age initialization criterion. Another interesting aspect is that we
obtain very similar macroscopic response between the wire and
Voronoi models when shear separation damage initialization is
included and when the coupled damage initialization criterion is
used. This suggests that a small grain-number model can effectively
be used instead. There is almost no effect of the Voronoi aggregate
size.
Fig. 6 shows macroscopic responses for the case where no tex-difference compared to Fig. 6 where textures are applied. This is
expected. The Voronoi macroscopic responses do not match as well
with the wire response. However, comparing Voronoi results one
can again see only a small impact of the aggregate size.
I. Simonovski, L. Cizelj / Nuclear Engineering and Design 283 (2015) 139–147 145
Fig. 4. Mises stresses and crack surfaces. Wire, Voronoi 150 and Voronoi 500 grains model. Left: normal separation damage initialization. Right: normal and shear separation
damage  initialization.
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Fig. 5. Load displacements curves. Voronoi models use texture.
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. Conclusions
In this work a cohesive-zone contact is proposed as an alter-
ative approach to cohesive elements for modeling intergranular
racking in polycrystalline aggregates. Such a contact is a surface-
ased cohesive behavior in a mechanical contact analysis with
irect constraint enforcement method and is typically easier to
eﬁne. No speciﬁc cohesive elements are used in this case. Differ-
nt modeling assumptions/parameters are evaluated against the
umerical stability criteria. It was established that the numerical
onvergence issues with the cohesive-zone contact can be signiﬁ-
antly smaller compared to the cohesive elements at the same mesh
ensity. Still, it is essential to also use a small amount of viscous
egularization and adding viscous forces to the global equilibrium
quations to improve convergence with local instabilities due to
rain boundary damage evolution. Viscous regularization equal to
% of the load step time has been used in this work.
The applicability of the cohesive-zone contact approach to
oth measured (wire) and simulated (Voronoi) microstructures is
emonstrated and the effect of normal or a combination of normal
nd shear separation as a damage initialization is explored. We
hought that the grain shapes themselves would be reducing the
elative sliding and therefore reduce the impact of including a shear
eparation damage initialization criterion. However, it turned outng and Design 283 (2015) 139–147
that shear separation impact is far from negligible. Including it in
the shear damage initialization results in a faster damage evolution
and a signiﬁcant decrease in the aggregate ductility. For a coupled
damage initialization criterion the onset of damage is even sooner.
Another interesting aspect is that we obtain very similar macro-
scopic response between the wire and both Voronoi models when
shear separation damage initialization is included. There is almost
no effect of the Voronoi aggregate size.
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